In this study, open cell aluminum foams were produced using the polymer impregnating method. This method consists of slurry preparation, template coating, drying, burning and nally sintering. Physical properties of the open cell aluminum foams were characterized. Microstructures were investigated utilizing optical and scanning electron microscopy. Cu Kα was used as X-ray source in phase analysis. The hardness of the foams was measured by applying Vickers hardness test. An ideal foam coating was achieved using the slurry having 60% solid content mixed with a speed of 1000 rpm for 3 h. The polyurethane foam was burned out at 500
Introduction
Open cell foams have received a great deal of attention due to their wide application areas such as heat exchangers, lters, sound insulations, catalyst carriers, ame arrestors, and silencers where high thermal conductivity, high liquid/gas permeability, and insulation are needed [1, 2] . There are a variety of methods to produce open cell aluminum foams such as investment casting, casting around hollow spheres, metal injection molding, space holder, and polymer impregnation, etc. Among these, polymer impregnation method has advantages of practicality, controllable pore size [3, 4] .
In this process polymeric foam was used as a template. Polyvinyl alcohol, aluminum powders were mixed with distilled water to form the thixotropic slurry. Polymeric foam was impregnated into slurry. After drying process, the polymeric foam was burned out and the metallic body was sintered.
Recently, polymer impregnation method has been used in the production of open cell ceramic [57], titanium [810], TiH 2 [11, 12] and Ti6Al4V [13, 14] foams. In 2009, this method has been utilized by Michailidis et al. to produce open cell aluminum foam [15] .
The aim of this study is to produce open cell aluminum foams using polymeric impregnation method. It is known that open cell aluminum foams could be produced by using polymeric impregnation method. This study is focused on determination of slurry recipe for having an open cell aluminum foams.
Within the scope of this study, four dierent slurries, containing 51%, 54%, 56%, and 60% solid contents, were prepared. PU templates having 25 and 40 ppi (pores per inch) were dipped into these slurries and the coated templates were dried. Then, the coated templates were subjected to a series heating processes to produce open cell aluminum foams.
Sedimentation tests were applied to investigate the effect of solid content on slurry rheology. The densities of the cells were determined using the Archimedes principle. The pore morphology were characterized by using scanning electron microscopy (SEM). Lastly, micro hardness measurements were conducted to determine the mechanical properties of aluminum foams. The materials include: aluminum powder having the average particle sizes of 15 µm, polyvinyl alcohol (PVAL), polyurethane foams (PU), and distilled water. As a binder water soluble Mowiol 5/88 was used. The powders were atomized spheroidal in shape with 99.5% purity (Alfa Aesar of Japan). Open cell PU foams with 25 and 40 ppi were used as template.
Preparation of open cell aluminum foams
Polyvinyl alcohol was dissolved in distilled water at 95
• C for one hour. Aluminum powder was added into the mixture and the mixture was stirred with magnetic stirrer (30 × 6 mm 2 ) with a stirring rate of 1000 rpm for 2 h. The slurries with 51%, 54%, 56%, and 60% solid loading were prepared as seen in Table I . Polyurethane foams (25 and 40 ppi) were cut into rectangular blocks of approximately 10×10×10 mm 3 and 20×10×10 mm 3 . This foam samples were dipped into the slurries and compressed for 20 min. Excess slurry was removed and polyurethane foams were coated. Then, samples were dried for 24 h at room temperature and subsequently the samples were put in a drying oven for 6 h at 100
• C. Finally, the samples were slowly heated from room temperature to 500
• C for 2 h to burn out the PU foams and ultimately sintered at 620
• C for 4 and 7 h in air.
(445) The inuence of solid content on rheological behaviors such as sedimentation and viscosity were investigated. For sedimentation test the slurries with 51%, 54%, 56%, and 60% solid contents were placed in a 10 ml measuring cylinder and allowed to settle in a measuring cylinder for 0 min, 30 min, 3 h and 24 h. Viscosities of slurries with 51%, 54%, 56%, and 60% solid contents were measured in a Brookeld DV-2 viscometer with a SC 14 spindle at room temperature.
Densities of the foams were measured by utilizing the Archimedes principle and the porosity levels of the samples were calculated. The foams were lled and coated with resin. Then, they were grinded (240, 320, 600, 800, 1200, 2500 mesh) and polished (3 µm, 1 µm diamond paste) for microstructural invesitigations. The microstructural characterization of the foam was made by using Leica DMRX optical microscope and JEOL JSM 5410 scanning electron microscope. XRD analysis was conducted using Rigaku Miniex (Cu K α radiation, 30 kV15 mA, 3
• / min, 1070 • ) to determine phase structure after sintering. Lastly, micro hardness measurements were conducted on polished samples. Vickers hardness with a load of 25 gf and a holding time of 12 s was measured at various locations of the polished foam samples. 3 . Results and discussion Figure 1 shows the eect of solid contents on the viscosities of the slurries. Increasing solid content tends to increase the viscosity. The slurry having 60% solid content exhibits the most viscous slurry and the slurry with 51% solid content exhibits the least viscous slurry as expected. Three experiments were made to show the reproducible.
In Table I , viscosity values and amount of settled material in a measuring cylinder at the end of 0 min, 30 min, 3 h and 24 h are given. Sure enough, viscosity increased with increasing solid content.
Cachinho et al. proposed that particles are exposed to attractive Van der Waals forces in a suspension. At low solid contents, the magnitude of these forces between particles is weak due to the relatively large interparticle distance. With increasing solid contents, interparticle distance is getting closer and Van der Waals forces between particles are getting strong [12] . For this reason, among four slurries, the rst slurry having minimum solid content (51%), has the weakest Van der Waals forces between particles and it has the highest sediment speed at the end of 24 h. The fourth slurry having 60% solid content has the strongest Van der Waals forces among particles and it shows the lowest sediment speed at the end of 24 h (see Table I ). The rst slurry was not viscous enough that the polyurethane foam's struts were coated with limited amount of aluminum. Second and third slurries were more viscous than the rst slurry but in these cases also homogeneous coatings of the struts were not observed. Hence, aluminum slurry did not take the shape of polyurethane foam after the polyurethane foam was burned out. PU foam's struts were coated uniformly in case of the fourth slurry recipe. The shape of polyurethane foam after the PU foam was burned out was maintained. Thus, it was decided that the slurry prepared, having 60% solid content (70 g Al, 50 ml distilled water and 6 g PVAL) and with 1000 rpm stirring rate, provided an optimum rheology for coating PU template. Figure 2 shows the open cell aluminum foams produced by slurry method with optimum slurry recipe in the experiments. As expected the macro porosity sizes of open cell aluminum foams which are produced with 25 ppi polyurethane foams were greater than the macro porosity sizes of open cell aluminum foams that are produced with 40 ppi polyurethane foams.
The densities and porosities of open cell aluminum foams containing 60% solid content are shown in Table II. The densities of open cell aluminum foams range between 0.12 ± 0.010.15 ± 0.01 g/cm 3 . The density of aluminum foams varied from 0.1 to 0.4 g/cm 3 when liquid metal methods are used [16] . However, this value yields to 0.31 g/cm 3 when powder methods are utilized. It is noteworthy to remind that by the nature of polymer impregnation method, there is no pressure applied unlike the other powder methods. Thus, the foam samples might have had micro porosities and they could not have a dense structure. Hence, they might have had similar density values with the products, which were produced by liquid metal methods.
As seen in Table II , sintering time and the pores size of polyurethane foam did not aect the porosity of open cell aluminum foams signicantly.
Pores, which are enclosed with aluminum are called macro pores. Aluminum bridge located between two macro pores is called strut and among three macro pores is called cell edge. Optical and SEM image of macro pores and struts are seen in Figs. 3a and b, respectively. Cell edge is also seen in SEM image in Fig. 3b .
The XRD pattern of open cell aluminum foam (40 ppi polyurethane foam) after sintering at 620
• C for 7 h in air is shown in Fig. 4 . Aluminum oxide was not present and XRD results showed that open cell aluminum foam associated with the cubic aluminum phase.
The micro hardness values were revealed that open cell aluminum foams (30.3 ± 3.1534.7 ± 7.27 Hv) were nearly 
Conclusions
Open cell aluminum foams were produced using 25 and 40 ppi polyurethane foams by polymer impregnation method. An open cell aluminum foam was produced with 60% solid content (50 ml distilled water, 6 g PVAL, 70 g aluminum). This slurry was mixed with a speed of 1000 rpm for 3 h. The sintering process was found to play a critical role in forming the open cell aluminum foams. The ideal heat treatment process parameters were determined to be 500
• C to burn the polymeric foam and subsequently sintering was conducted at 620
• C for 4 or 7 h. The sintering time had no signicant aect on the foam density and porosity level. The densities and porosity levels were found to be in the range of 0.120.15 g/cm 3 and 94.495.5%, respectively. The micro hardness values were varied between 30.334.7 Hv.
